ABSTRACT: B cells detect foreign antigens through their B cell antigen receptor (BCR). The BCR, when engaged by antigen, initiates a signaling cascade. Concurrent with signaling is endocytosis of the BCR complex, which acts to downregulate signaling and facilitate uptake of antigen for processing and display on the cell surface. The relationship between signaling and BCR endocytosis is poorly defined. Here, we explore the interplay between BCR endocytosis and antigens that either promote or inhibit B cell activation. Specifically, synthetic antigens were generated that engage the BCR alone or both the BCR and the inhibitory co-receptor CD22. The lectin CD22, a member of the Siglec family, binds sialic acid-containing glycoconjugates found on host tissues, inhibiting BCR signaling to prevent erroneous B cell activation. At low concentrations, antigens that can cocluster the BCR and CD22 promote rapid BCR endocytosis; whereas, slower endocytosis occurs with antigens that bind only the BCR. At higher antigen concentrations, rapid BCR endocytosis occurs upon treatment with either stimulatory or inhibitory antigens. Endocytosis of the BCR, in response to synthetic antigens, results in its entry into early endocytic compartments. Although the CD22-binding antigens fail to activate key regulators of antigen presentation (e.g., Syk), they also promote BCR endocytosis, indicating that inhibitory antigens can be internalized. Together, our observations support a functional role for BCR endocytosis in downregulating BCR signaling. The reduction of cell surface BCR levels in the absence of B cell activation should raise the threshold for BCR subsequent activation. The ability of the activating synthetic antigens to trigger both signaling and entry of the BCR into early endosomes suggests strategies for targeted antigen delivery.
W ithin the immune system, the B cell antigen receptor (BCR) functions as a detector for foreign antigens. BCR engagement drives the production of antibodies by B cells; dysregulation can result in autoimmunity or immunodeficiency. Essential to these processes is the propagation of signals from the BCR. BCR signaling is initiated by antigen binding the BCR, which triggers local receptor oligomerization and phosphorylation of the BCR associated heterodimer Igα/β. Phosphorylation of Igα/β by Src family kinases (e.g., Lyn) recruits and activates the tyrosine kinase Syk, culminating in the nucleation of a signaling complex. 1, 2 The components of this BCR signaling complex include adaptor proteins and cellular effectors that regulate B cell activation. Some of these effectors are generated through the action of the phospholipase PLCγ2, which catalyzes the formation of the secondary messengers inositol trisphosphate (IP 3 ) and diacylglycerol. These secondary messengers trigger a transient influx of calcium ions into the cytoplasm and B cell activation. 3 Antigen binding to the BCR not only elicits these signals but also leads to endocytosis of the BCR-bound antigen complexes.
The ability of the BCR to engage antigens and mediate their internalization is critical to proper B cell function. 4−6 Endocytosis of the BCR can downregulate and compartmentalize signaling, and it serves as a gateway for uptake of antigen. 7, 8 Protein antigens taken up are processed within the endocytic network to afford peptide fragments that are loaded into major histocompatibility class II (MHC II) complexes and presented on the B cell surface. 9 These MHC II complexes are recognized by T cells that coordinate essential B cell functions, such as affinity maturation and isotype switching, 10 that are vital to generating high affinity antibodies against a target pathogen. Thus, BCR endocytosis regulates both BCR signaling and antigen presentation. 7, 8, 11 Because BCR signaling and endocytosis are interconnected, the relationship between them is poorly understood. Previous investigations have focused on defining cellular components required for BCR uptake. These studies have implicated several adaptor proteins in BCR endocytosis, including BAM32, LAB, and BLNK; their depletion results in a reduction of endocytosis. 12−15 Furthermore, loss of Vav1/3, which can activate Rac GTPases to carry out actin remodeling, drastically inhibits endocytosis. 13, 16, 17 Still, many of these proteins also contribute to BCR signaling, obscuring their direct role in endocytosis. For example, BLNK is an essential adaptor, whose deletion results in attenuated BCR signaling. 18 Moreover, there are discrepancies between studies aimed at determining which early BCR signaling events are important for eliciting BCR endocytosis. For instance, it has been reported that BCR endocytosis is inhibited when early signaling events, such as Lyn kinase activation, are blocked, 11, 12 yet other studies report that endocytosis does not depend on this early signaling event. 19 These conflicting results highlight the complexity of dissecting BCR signaling and endocytosis. Loss-of-function experiments are especially difficult to interpret. Despite the importance of both processes to proper B cell function, the relationship between BCR signaling and endocytosis remains largely undefined.
An alternative approach would be to employ antigens capable of modulating BCR signaling. Investigations of BCR endocytosis have predominantly relied on receptor clustering agents, such as anti-BCR antibodies, as antigen mimics. Typically, these reagents are used in combination with strategies to perturb intracellular components (e.g., small molecule inhibitors, protein overexpression, or genetic deletion). How antigen properties influence BCR endocytosis is less explored. In one example, extensive intermolecular crosslinking of antibodies directed against the BCR was shown to slow endocytosis, 20 but the underlying molecular mechanism was unclear. Many antigens can engage co-receptors on the B cell surface. Co-receptors provide context to BCR signaling events by augmenting or inhibiting BCR signaling through the recruitment of intracellular effectors, such as kinases or phosphatases. We therefore reasoned that antigens tailored to bind co-receptors could reveal the relationship between specific steps in signaling and BCR endocytosis. Our test case was to examine the recruitment of the inhibitory co-receptor CD22 to the BCR complex. We postulated two potential outcomes. First, BCR endocytosis could be attenuated upon inhibitory coreceptor recruitment to prevent spurious antigen uptake. Second, endocytosis could occur regardless to downregulate cell surface BCR.
To distinguish between these possibilities, we generated ligands that could bind the BCR and the inhibitory lectin coreceptor CD22. Antigens bearing CD22 ligands, α2,6-linked sialic acid residues, prevent BCR signaling even when the BCR is engaged. 21, 22 CD22 attenuates BCR signaling by recruiting a negative regulator of B cell activation, the protein tyrosine phosphatase SHP-1.
21−23 Engagement of CD22 by sialylated antigens blocks early events in BCR signaling, such as phosphorylation of the kinase Syk and the phospholipase PLCγ2. 21 We predicted that the ability of sialylated antigens to engage the BCR, while attenuating BCR signaling events, would provide insight into how BCR endocytosis is regulated. Our data indicate that chemically defined antigens that give rise to disparate signaling events can reveal how differences in signaling influence BCR endocytosis.
■ RESULTS

Synthetic Antigens As Probes of BCR Endocytosis.
Our investigation into the relationship between BCR signaling and receptor endocytosis relies upon antigens capable of eliciting distinct signaling outputs. To investigate how inhibitory signaling affects BCR endocytosis, antigens that either promote or attenuate B cell activation were synthesized ( Figure 1A and Supporting Figure S1 , Supporting Information). 21, 24 Antigen design was guided by the observation that sialylated antigens that can engage CD22 suppress B cell activation ( Figure 1B) . 21−23 We were especially interested in assessing the roles of B cell signaling components mobilized in the presence of activating antigens (e.g., polymer 1) but inhibited upon exposure to glycosylated antigens that can bind CD22 (e.g., polymer 2) ( Figure 1C ). One signaling component of interest is the tyrosine kinase Syk, which appears to be dispensable for BCR endocytosis yet required for antigen presentation. 25 Syk is essential for BCR signaling, and its loss abrogates proper B cell development. 26, 27 Recruitment of the inhibitory co-receptor CD22 to the BCR prevents Syk phosphorylation and dramatically attenuates BCR signaling. 21, 22 Because the stimulatory antigen activates Syk but the inhibitor Figure 1 . Synthetic antigens used to modulate BCR signaling. (A) Structures of the synthetic antigens that were generated using ROMP include the stimulatory antigen homopolymer 1, which displays the dinitrophenyl (DNP, R 1 , blue) group, and the inhibitory antigen copolymer 2, which displays both DNP groups and the CD22 ligand Neu5Acα2,6Galβ1,4Glc (CD22L, R 2 , red). (B) Targets of the polymers include the DNP-specific BCR and the inhibitory lectin CD22. (C) Engagement of the BCR by polymer 1 results in the activation of multiple signaling components. Activation of many of these components is inhibited in copolymer 2-treated cells. 21, 22, 24 antigen does not, these compounds can therefore report on the role of regulators like Syk in BCR endocytosis.
Synthetic antigens were generated using the ring-opening metathesis polymerization (ROMP) reaction, because this reaction affords defined polymers. 28−30 Antigens generated using ROMP can engage the BCR and promote B cell activation. 21, 24 The polymers employed herein display multiple copies of the 2,4-dinitrophenyl (DNP) hapten, which is recognized by a murine B cell line displaying a DNP-specific BCR (A20.2J HL TNP , denoted A20HL). 31 The succinimidyl ester-substituted polymer was treated with DNP-lysine to afford homopolymer 1. This polymeric antigen is of sufficient length (n ≈ 215) to promote B cell activation ( Figure 1C ). To generate inhibitory antigens, we coupled DNP-lysine as well as the trisaccharide ligand Neu5Acα2,6Galβ1,4Glc (denoted CD22L), because the latter binds the inhibitory co-receptor CD22. 23 The resulting copolymer 2 can bind the BCR and CD22 ( Figure 1B ) and thereby function as an inhibitory antigen ( Figure 1C) . 21, 22 A common stock of succinimidyl ester-substituted polymer was used to prepare all antigens. As a result, the final polymeric antigens have identical molecular masses and polydispersity, 28−30 so their activities can be compared directly.
Sialylated Antigens Reveal Distinct Kinetics of BCR Endocytosis. We previously reported that copolymer 2 inhibits early signaling events in A20HL cells (a murine B cell line). Data suggest that the mechanism is through recruitment of the protein tyrosine phosphatase SHP-1 to the B cell signaling complex. Copolymer 2 treatment prevents phosphorylation of Syk and PLCγ2 and therefore their activation ( Figure 1C) ; 21, 32 consequently, we employed it to probe whether Syk or PLCγ2 activity is required for BCR endocytosis. Guided by our previous studies of ROMP-derived antigens, we added an antigen concentration (5 μM DNP) of homopolymer 1 that induces robust B cell activation, and the same concentration of copolymer 2 was employed. 21, 24 After A20HL cells were stimulated with synthetic polymeric antigens 1 or 2 for defined periods of time, cell surface BCR levels were assessed to determine the rate of BCR endocytosis (Supporting Figure S2 , Supporting Information). 7, 12, 25 Homopolymer 1 resulted in rapid BCR uptake, as did copolymer 2. A comparison of the rates showed little difference ( Figure 2A ).
We next investigated the influence of antigen concentration. At high antigen concentrations some activation of early signaling components, such as Syk or PLCγ2, might occur even with the inhibitory antigen 2, so we tested a 10-fold lower antigen concentration. When cells were exposed to polymer 1 (0.5 μM DNP), the rate of BCR endocytosis was slower. Treatment with DNP/CD22L copolymer 2 afforded a rate similar to that obtained with the previous antigen concentration ( Figure 2B ). To quantify this surprising difference, the remaining BCR on the cell surface in response to polymer treatment at both high and low antigen concentration was fit to an exponential decay, and the half-life (t 1/2 ) was determined ( Figure 2C ). For homopolymer 1, a striking increase of t 1/2 from 1.6 to 11.9 min was observed. In contrast, only modest differences in the rate of BCR endocytosis were detected for DNP/CD22L copolymer 2 treated cells. Because copolymer 2 prevents Syk and PLCγ2 activation ( Figure 1C) , 21 neither Syk nor PLCγ2 activation is responsible for the endocytosis observed.
Upon endocytosis, the BCR enters early endosomes before trafficking to antigen-processing compartments. 33, 34 We therefore tested whether the loss of BCR from the cell surface results in its accumulation within the endocytic network. We used fluorophore-labeled transferrin as a marker of early endosomes, because the transferrin receptor constitutively recycles between early endosomes and the cell surface. 35 Treatment with either (B) Data points were fit to an exponential decay to determine the halflife (t 1/2 ) of the BCR on the cell surface in response to polymer stimulation. Error bars represent 95% confidence intervals. *P < 0.05; **P < 0.001 (Student's t-test).
homopolymer 1 or copolymer 2 triggered a rapid loss of cell surface BCR (Figure 3 ). This loss coincided with the appearance of discrete puncta, which colocalized with transferrin. These observations are consistent with antigen-induced BCR endocytosis and entry of the receptor into early endosomes. We determined the timeline for the transition of the BCR from the cell surface into early endosomes. The extent of BCR colocalization with transferrin was assessed in either the presence or the absence of antigen (5 μM DNP) at 5, 15, and 30 min ( Figure 4A ). In the absence of antigen, the BCR resides primarily on the cell surface. Five minutes after exposure to either homopolymer 1 or copolymer 2, the BCR is found mainly on or near the cell surface; however, some puncta are clearly visible. By 15 minutes, extensive endocytosis has occurred. The presence of the BCR in early endosomal compartments is readily detected at this time point, and its accumulation increases further after 30 minutes. The extent of BCR and transferrin colocalization was quantified for individual cells (n > 30) at each time interval ( Figure 4B ). By 15 minutes, the increase in BCR accumulation within early endosomes in response to synthetic antigens is dramatic. Similar BCR accumulation within early endosomes was observed with treatment of either 1 or 2 at a concentration of 0.5 μM DNP (Supporting Figure S3, Supporting Information) . Thus, the rapid loss of BCR from the cell surface following stimulation with either stimulatory or inhibitory antigens results in BCR entry into the endocytic network.
B cells mobilize different signaling components in response to treatment with activating polymer 1 versus inhibitory copolymer 2. We probed the role of these components using small molecule inhibitors ( Figure 5A ). One protein that is critical for endocytosis is the GTPase dynamin, which is required for scission of endocytic vesicles during either caveolin-or clathrin-mediated endocytosis. BCR endocytosis has been reported to be predominately mediated by a clathrindependent pathway and therefore should be sensitive to dynamin inhibition. 7 We evaluated the ability of dynasore, a dynamin inhibitor, to prevent BCR uptake. 36 When cells were treated with either polymer 1 or copolymer 2, dynasore inhibited BCR uptake ( Figure 5B ).
Copolymer 2 prevents Syk phosphorylation yet promotes BCR endocytosis. These data suggest that Syk activity is dispensable for BCR endocytosis. 21 Because of the critical role of Syk in BCR signaling, 26, 27 we evaluated BCR endocytosis in the presence of an inhibitor of Syk activity, bay 61-3606. 37 Treatment with bay 61-3606 potently inhibited Syk signaling, abolishing Erk phosphorylation following BCR engagement (Supporting Figure S4A , Supporting Information). The inhibitor had no effect on BCR uptake in antigen-treated B cells ( Figure 5B ), which is consistent with Syk activity being dispensable. We also assessed the ability of bay 61-3606 to disrupt BCR entry into early endosomes and found that it had no effect ( Figures 5C,D) . These experiments are consistent with the conclusion that Syk activity is not required for BCR endocytosis.
When Syk is activated, it cooperates with phosphatidylinositol kinase (PI3K), 38 both the tyrosine kinase and the lipid 
. Cells were stained with anti-BCR Fab fragments (red) and transferrin (green). (D) Percent inhibition of BCR trafficking to early endosomes. All Error bars represent
±1 standard deviation from the mean of three independent experiments. Scale bar, 1 μm. *P < 0.02 and **P < 0.01 relative to DMSO control (Student's t-test). The abbreviation NS denotes a result that is not statistically significant (P > 0.05).
kinase are components of the B cell signalosome. Downstream of these components is BAM32, an adaptor implicated in BCR endocytosis that translocates in response to BCR engagement. Specifically, when the action of PI3K generates phosphatidylinositol (3,4,5)-trisphosphate (PIP3) the ability of BAM32 to bind this phospholipid recruits the adaptor to the plasma membrane. 39 Although Syk activity appears to be dispensable for endocytosis, inhibition of PI3K should block BAM32 recruitment and therefore limit the ability of BAM32 to facilitate BCR endocytosis. 12 We added the PI3K inhibitor wortmannin 40 to cells treated with either polymer 1 or copolymer 2. Although wortmannin potently inhibited PI3K signaling (Supporting Figure S4B , Supporting Information), no change in BCR endocytosis was observed. These data indicate that if BAM32 is critical for BCR uptake, it is not through activation of PI3K or Syk ( Figure 5B) .
The Src family kinase Lyn is activated in both homopolymer 1 and copolymer 2 treated cells. 21 It catalyzes the phosphorylation of the BCR complex as well as a variety of co-receptors including CD22. 41 Lyn activity has been suggested to be a requirement for BCR endocytosis. 11 We therefore tested the effects of the Src family kinase inhibitor PP2 42 on BCR uptake under either stimulatory or inhibitory conditions. The addition of this inhibitor diminished BCR uptake in either polymer 1 or copolymer 2 treated cells ( Figure 5B ). When we evaluated the ability of the BCR to enter early endosomes, the majority of the BCR was found on the cell surface ( Figures  5C,D) .
■ DISCUSSION
Our data indicate that chemically defined antigens that give rise to distinct signaling outputs are powerful probes of the relationship between BCR signaling and endocytosis. Kinetic profiles of BCR uptake obtained using our synthetic antigens reveal rate differences (Figure 2 ). Antigens that give rise to inhibitory signaling events trigger rapid endocytosis of the BCR independent of antigen concentration. The rapid BCR uptake upon treatment with copolymer 2 suggests that endocytosis of the BCR upon coligation with CD22 promotes rapid internalization, which should downregulate BCR signaling. Compared with antigens that bind only the BCR, antigens that cocluster the stimulatory co-receptor CD21/19 can extend the duration of the BCR on the cell surface. 43, 44 Our findings suggest co-receptors may play an important role in regulating BCR endocytosis: Inhibitory antigens trigger rapid BCR internalization. In contrast, stimulatory antigens can extend the duration of the BCR on the cell surface for sustained signaling.
In addition to examining how co-receptor recruitment influences BCR endocytosis, we also examined the role of antigen concentration. The rate of BCR uptake in response to stimulatory antigen 1 depends on its concentration (Figure 2 ). At high homopolymer 1 concentration BCR uptake is rapid, while it is slower at lower antigen concentration. At this stimulatory antigen concentration, BCR signaling components are recruited rapidly, and receptor uptake also occurs rapidly. In contrast, we postulate that at lower stimulatory antigen concentrations nucleation of a BCR signaling complex is slower. As a result of this bottleneck, the rate of receptor uptake is reduced. In the case of copolymer 2, which does not activate Syk or PLCγ2, no signaling complex should form; therefore, the rate of BCR uptake is largely independent of antigen concentration.
Our finding that the rate of BCR uptake is sensitive to engagement of inhibitory co-receptors is consistent with a model in which BCR endocytosis is regulated by the composition of the BCR signaling complex (Figures 1 and  2B ). This composition is altered when negative effectors such as the phosphatase SHP-1 are recruited by inhibitory coreceptors. Several early BCR signaling events have been reported to be required for endocytosis, 11, 12, 25 but conflicting evidence also has been presented. 19 Both our stimulatory antigen 1 and inhibitory antigen 2 activate the Src family kinase Lyn 21 and trigger BCR endocytosis (Figures 2 and 3) . Accordingly, BCR uptake in cells treated with the Src family kinase inhibitor PP2 was inhibited for both polymers 1 and 2 ( Figure 5 ). Previous studies revealed a requirement for Src family kinase activity for the uptake of stimulatory antigens 11,12,25 and we found this activity is also required for inhibitory antigen uptake ( Figure 5 ). Thus, Src family kinases, including Lyn, not only catalyze the phosphorylation of both positive and negative regulators of BCR signaling, 41 they also are critical for BCR endocytosis under both stimulatory and inhibitory conditions ( Figure 5) .
Phosphorylation of the BCR complex recruits and activates the tyrosine kinase Syk, an essential mediator of BCR signaling.
1,2 Data have been reported that suggest that Syk kinase activation is not required for endocytosis. 25 Our findings are consistent with this conclusion that Syk activity is not required for initial BCR uptake. Specifically, Syk activation is suppressed in cells treated with copolymer 2, 21 yet BCR uptake occurs (Figures 2 and 3) . Moreover, inhibition of Syk activity using the small molecule inhibitor bay 61-3606 has no apparent effect on BCR entry into early endosomes. Similarly, inhibition of PI3K by wortmannin has no effect on BCR uptake ( Figure  5 ). It has been reported that Syk activation and Syk interaction with the ubiquitin ligase c-Cbl are required for successful antigen trafficking and presentation. 25, 45 Together, the available data indicate that the antigen processing is regulated through steps that occur after BCR endocytosis. The evidence suggests that the fate of BCR−antigen complexes is controlled at the level of BCR trafficking. 25, 45 The capacity of both inhibitory and stimulatory antigens to trigger BCR endocytosis highlights the potential impact of BCR uptake in regulating signaling. The ability of inhibitory antigens to reduce the level of cell surface BCR should diminish the B cell's capacity to respond to subsequent antigenic stimuli. 46 In vivo, when naive B cells within a mature polyclonal repertoire encounter self-antigen, they decrease the concentration of cell surface BCR and with it, B cell signaling. 47 There is evidence to suggest that CD22 plays a critical role in controlling B cell reactivity toward self-antigens as deletion of CD22 contributes to spontaneous autoimmunity in mice. 48, 49 Additionally, when mice are exposed to inhibitory antigens that display ligands to CD22, they become less responsive to subsequent stimulatory antigen exposure. 22 Our results indicate that antigens that bind the inhibitory co-receptor CD22, and therefore suppress B cell activation, 21 trigger robust BCR uptake. These results suggest that B cells can discriminate antigens through BCR signaling, while exploiting endocytosis to regulate cell surface BCR levels. What emerges is a model where exposure of B cells to stimulatory antigen can increase the duration of the BCR on the cell surface to support sustained signaling, whereas inhibitory antigens rapidly decrease cell surface BCR levels to reduce signaling and increase the threshold for activation to subsequent antigen encounter.
ROMP-derived polymers have been utilized extensively as probes of cell surface receptor clustering and signaling, 50 yet their influence on the endocytosis of these receptors has been largely unexplored. Synthetic antigens generated using ROMP can be used to probe the relationship between receptor engagement and endocytosis. These findings have implications for the design of synthetic vaccines, targeting agents, and strategies to suppress autoimmune responses.
■ MATERIALS AND METHODS
Cell Culture. A20/2J cells stably transfected with DNP/TNPspecific mIgM 31, 51 to generate the A20/2J HL TNP cell line were provided by A. Ochi (University Health Network, Toronto, ON, Canada). A20/2J HL TNP cells were cultured in RPMI medium 1640 supplemented with 2 mM L-glutamine, 10% FBS, 50 μM 2-mercaptoethanol, 100 U mL −1 penicillin, and 100 U mL
streptomycin. Assessing Surface BCR. A20HL cells were suspended in 1% BSA, 1 mM CaCl 2 , 0.5 mM MgCl 2 PBS (pH 7.4) at 37°C at ∼2 × 10 6 cells mL −1 . Cells were incubated at 37°C for 5 min before stimulation with polymeric antigens. Polymers were added followed by gentle mixing with aliquots removed at discrete time points. Aliquots were placed in prechilled tubes on ice to prevent further endocytosis. Aliquoted A20HL cells were labeled on ice with 1.3 μg mL −1 anti-IgM μ-chain specific Fab fragment DyLight 649 conjugate (Jackson Immunoresearch) for 45 min. These Fab fragments do not compete for antigen binding and are monovalent, ensuring that BCR clustering does not occur. Cells were then rinsed twice using ice cold 0.1% BSA PBS before analysis by flow cytometry using a FACScaliber (BD Biosciences) to determine the extent of BCR labeling. For each data point, 20000 events were collected. Data analysis was performed using the FlowJo software suite. Relative surface BCR was determined using aliquots of unstimulated cells as a reference and plotted versus time. For screening inhibitors, BSA was reduced to 0.1% to reduce inhibitor sequestration.
Microscopy. A20HL cells were resuspended at 1.5 × 10 6 cells/mL in 1% BSA RPMI 1640 and incubated for 30 min with 8.8 μg/mL Alexa Fluor 488 conjugated transferrin (Jackson ImmunoResearch) at 37°C. Cells were pelleted and resuspended on ice using the previous buffer, prechilled. Cell surface BCR was labeled using 15 μg/mL goat anti-mouse IgM μ-chain specific Fab fragments (Jackson ImmunoResearch) for 20 min on ice. Cells were then pelleted and resuspended in PBS, pH 7.4, supplemented with 1% BSA, 1 mM CaCl 2 , 0.5 mM MgCl 2 at 37°C. Cells were then treated with synthetic antigens and samples were placed on ice at desired time intervals. Hoechst 33348 (Life Technologies) was added to label nuclei. Cells were visualized in no. 1.5 borosilicate four-well chambered coverglass (Nunc). Images were collected on a Nikon A1R confocal microscope using a 100× objective. Images were analyzed using ImageJ software (National Institutes of Health, NIH), and the Pearson's coefficient was calculated for individual cells using the colocalization threshold plugin. Images were despeckled to remove noise.
Small Molecule Inhibitors. Inhibitors were obtained from Calbiochem and used at concentrations previously reported to provide robust inhibition according to the manufacturer's instructions. Inhibitors were utilized at the following concentrations: dynasore 80 μM, nystatin 27 μM, PP2 10 μM, bay 61-3606 2 μM, and wortmannin 0.5 μM. Inhibitors were added to cells in PBS, pH 7.4, at 37°C prior to antigen stimulation. Cells were stimulated in PBS, pH 7.4, supplemented with 1% BSA, 1 mM CaCl 2 , and 0.5 mM MgCl 2 at 37°C and analyzed. For flow cytometry analysis, cells were gated using propidium iodide to assess cell viability.
Polymer Synthesis. Antigenic polymers were prepared as previously described. 24 Briefly, a succinimidyl ester-substituted norbornene monomer was dissolved in a deoxygenated solution of dichloromethane to which a ruthenium carbene initiator was added. The reaction was terminated with an excess of an enol ether. The polymer was precipitated with a solution of 9:1 ether/benzene and centrifuged. The supernatant was decanted, and the remaining polymer was dried to afford an off-white solid.
CD22L Synthesis. The CD22 ligand trisaccharide was synthesized using a modification of the enzymatic protocol reported by Yu et al. 52 Briefly, a two-enzyme system consisting of CMP sialic acid synthetase and α-2,6-sialyltransferase were added to a buffered solution (pH 8.6) of 3-azidopropyl lactoside, sialic acid, and CTP and incubated at RT. After 12 h, ethanol was added to precipitate proteins, and the product was isolated by reverse-phase HPLC on a C18 column with a mobile phase of 0.1% formic acid, 2% acetonitrile, and 97.9% water. The product was further purified by ion-exchange chromatography on a basic resin (Amberlyst, A26(OH)), eluting with water followed by 2% formic acid solution. The azide group was then reduced to an amine and conjugated to the polymer backbone. 23 Polymer Functionalization. Polymers displaying succinimidyl esters (1 equiv) were functionalized with DNP-lysine (0.4 equiv; Sigma Aldrich) in DMSO containing N-methyl morpholine (5 equiv) to generate homopolymers. Synthesis of the aminopropyl linked trisaccharide ligand (CD22L) is described above. 23 The copolymer was prepared by exposing polymer (1 equiv) to DNP-lysine (0.40 equiv) followed by CD22L (0.3 equiv) in the presence of N-methyl morpholine (5 equiv) as with homopolymer. The conjugation reactions were quenched with an excess of ethanolamine (5 equiv) to react with any remaining succinimidyl esters. Polymers 1 and 2 were purified by size-exclusion chromatography (PD-10, GE Healthcare). Aqueous polymer was then lyophilized, and functionalization was determined by 
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